Structural compliance is defined as the ability of a crystal structure to accommodate variations in local atomic bond-lengths without incurring large strain energies. The structural compliance of cuprates is relatively small. In the presence of charge stripes short, highly doped, Cu-O-Cu bonds become subject to a tensile misfit strain. We show that this leads to nanoscale microstructures. This explains a number of experimental observations as we discuss here.
Introduction
Here we discuss the implications that result from two presumed conditions in underdoped cuprate superconductors: the existence of charge stripes 1 and the fact that doping charge into Cu-O bonds shortens them. 2 The existence of charge stripes is well established in materials closely related to the cuprates such as manganites and nickelates 3, 4 and they have been seen in cuprates, albeit non-or poorly-superconducting variants.
1 Their ubiquitous existence in, and importance to, high temperature superconductors is more arguable but there is at least circumstantial evidence from the observation of pseudogaps in the electronic and magnetic spectra 5 and incommensurate magnetic fluctuation peaks in neutron diffraction, 6 that suggests that they might be important. A number of theories exist that both predict stripe formation [7] [8] [9] and posit the importance of stripes to the high-T c phenomenon.
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The second relevant fact to our discussion is the presumption that doping holes into the planar bonds of the Cu-O plane shortens the Cu-O bond. This is observed experimentally and has a ready explanation from simple electronic structure arguments. The experimental evidence comes from diffraction that clearly shows that this bond shortens linearly with doping at a rate of ∼ 0.1Å per doped hole in the single layer La 2−x Sr x CuO 4 system. 2 Band structure calculations suggest that the planar Cu-d x 2 −y 2 -O-p α (α = x, y) bonds are σ * antibonding bands. Doping holes into these bands removes charge from them thus stabilizing and shortening the bond. 16 Given these two preexisting conditions, we explore the consequences and discuss these in the context of existing experimental information. Details of the model we have used to explore this can be found in Ref. 17 8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8  8   8  8  8  8  8  8  8  8 
Misfit Strain and Broken Stripes
The Cu-O plane consists of a square net of copper ions as shown in Fig. 1 with oxygen residing midway between the coppers (not shown). The charge stripes in the cuprates form in a direction along the copper-oxygen bonds as indicated by the filled circles. The regions between the charge-stripes are undoped and antiferromagnetic, as shown. The picture we have used for the charge stripes is based on that proposed by Tranquada et al., 1 though the qualitative results do not depend on the fine details of the stripe model, for example, the degree of localization of charge in the stripe. When considering that the Cu-O bonds in the (more heavily doped) stripes are shorter than those in the (undoped or less heavily doped) regions between the stripes, it becomes immediately apparent that a structural misfit exists between the stripes and the regions between them. Because of the topology (the stripes are physically connected to the regions between the stripes) the misfit gives rise to a strain which clearly increases with increasing stripe length. This misfit strain has the tendency to break up the stripes. In Ref. 17 we show that the breakup length scale of the stripes is approximated by comparing the strain energy gain (∼ k nn N (a − l 0 ) 2 /2) which occurs when a strained stripe of length L = Na breaks up, to the formation energy per bond of an unstrained stripe (−J nn ). This results in a critical number of copper sites, N c , per strained stripe that scales like
Here, k nn is the harmonic spring constant between nearest neighbors, a is the average separation of copper ions dictated by the average structure and l 0 is the bond length of the shorter, doped, Cu-O bonds in the stripe. This very general argument gives a mechanism that intrinsically breaks up the stripes in the cuprates and will result in short stripe segments even down to T = 0. This fact is important to a number of theories of stripe superconductivity that rely on dynamic, fluctuating, stripes 8, 13, 18, 19 and for the presence of topological stripe defects such as stripe dislocations and nematic phases. 13, 18, 19 We explore this more quantitatively in Ref. 17. 
Structural Compliance
Given that this situation exists, there is an intrinsic tendency for stripes to break up in the cuprates, how is it possible to observe long range ordered charge stripes in some systems such as Nd co-doped La 2−x−y Nd y Sr x CuO 4 at 1/8 doping?
1 One possibility is the existence of structural compliance in these systems that allows the short bonds in the stripes to be accommodated without giving rise to a long-range misfit strain. This structural compliance exists in the form of rigid rotations of the CuO 6 octahedra in these materials that give rise to a buckling of the CuO 2 planes. This is shown schematically in Fig. 2 . In this figure it can be seen that a Cu-O bond can be shortened somewhat by removing the local octahedral tilt without having to stretch the neighboring Cu-O bond. This is the same argument that has been used to explain the relationship between A-site ion size and polaron stability in the manganites. 20 These octahedral tilts are very important to the physics of electronic perovskites because they are precisely what allow these systems to be so extensively doped. This is because misfitting, differently charged, dopant ions can be easily accommodated in the lattice by relaxing these relatively low energy distortional modes. This is very different from the situation in covalent semiconductors such as silicon where the solubility limit of dopants such as phosphorous is generally limited to a few percent. In La 2−x Sr x CuO 4 the solubility limit is ∼ 50% and metallic behavior and superconductivity does not appear below 5% doping! In La 2−x Sr x CuO 4 the structural compliance, δ s , defined as δ s = (r b − r f )/r b = (1 − cos α) where r b and r f are the lengths of the Cu-O bonds when the plane is buckled and flat, respectively, and the angle α is defined in Fig. 2 , is small and insufficient to relax the bond shortening in the stripe. 17 Thus, a misfit strain results and no long-range ordered stripes are observed. The dopant ions in the Nd co-doped and Ba doped materials are more highly misfitting resulting in more structural compliance, at least locally.
Microstructures Resulting from Misfit Strain
In Ref. 17 we propose a simple model for exploring the kind of microstructures that might result from the existence of misfit strain. The Hamiltonian is given in Eq. 2
where µ is the chemical potential of doped holes, the n i 's are number operators and the sums run over the lattice sites, i. The attractive nearest neighbor, J nn , and repulsive next nearest neighbor J nnn interactions ensure stripe formation a priori and the chemical potential allows variable doping. The strain part of the Hamiltonian is explained in Fig. 3 . A background periodic potential is assumed coming from the background lattice and given by V (r i ). The stripes sit in this background potential. The doped copper sites are connected by springs with equilibrium lengths of l 0 and spring constant k nn . As the figure illustrates, when l 0 < a a misfit strain results which increases the energy by moving atoms away from the minima in V (r i ) and stretching the springs between doped copper ions. The strain energy is long range and has to be relaxed self consistently using a gradient or Newton's method. This model has not been examined in great detail yet; however, we have explored a number of different microstructures that may result from the misfit strain at 1/8 doping. From the lattice gas model, Eq. (2), it is evident that the long range stripe has the lowest energy, provided there is no misfit strain. However, in the presence of misfit strain broken stripe microstructures, have lower strain energy, though they do incur an energy cost proportional to J nn due to breaking up the long range stripes.
We have considered a number of microstructures. Two which intuitively might successfully relax the strain are shown in Figs. 4(b) and (c) . The first has interleaved stripes that lay somewhat like cigars in a cigar box with the shorter stripes in one domain lining up with the longer inter-stripe regions in the neighboring domain. The second is a weave structure where adjacent domains have the stripes going in alternating directions rotated by 90
• . This microstructure has the merit that it is more isotropic and might be favored for minimizing the strains between grains as well as the stripe misfit strain, though this aspect is not in our model. Both domain structures have strain energies around half that of the unbroken stripes for reasonable parameters.
Experimental Implications

Variation in optimal T c between systems
The optimal T c of various single layer superconductors can vary from well below 40 K, such as in the La 2−x Ba x CuO 4 system, to 94 K in the HgBa 2 CuO (Hg-1201) system. If we accept that stripes must be dynamic and fluctuating to result in high-T c behavior 8, 13, 18, 19 then it is tempting to speculate that the difference between these systems is the amount of misfit strain and therefore the length of the broken stripes and the frequency of stripe fluctuations. Indeed we know that the La 2−x Ba x CuO 4 system has considerable structural compliance (and therefore less misfit strain) since at 1/8 doping static stripes and a destruction of superconductivity is observed. We might expect that the stripe microstructure has a longer length-scale and slower dynamics in this system. In the Hg-1201 system the CuO 2 planes are crystallographically flat and there is very little structural compliance. Similarly, the bismuth and thallium single layer compounds superconduct with higher optimal T c than La 2−x Sr x CuO 4 or La 2−x Ba x CuO 4 but lower than Hg-1201. Again the planes are flat, but in both cases the bismuth and thallium layers contain structural disorder in the form of incommensurate 21 and disordered 22 modulations that may provide some structural compliance in the plane and provide mechanisms to relax some misfit strain.
Strain in the cuprates
A number of studies have addressed the presence, and possible importance of, strain in high-T c superconductors. 23, 24 To our knowledge this is the first time that the role of stripe-induced misfit strain in breaking up stripes has been discussed. We believe that this is very important for understanding the phenomenology of the cuprates and, in conjunction with theories of stripe formation 7,9-11,25 and stripe induced superconductivity, 8,10-15 could provide a framework for understanding the high-T c phenomenon itself.
In this work we do not consider stripe formation which is presumed a priori. We therefore do not explicitly include terms in the Hamiltonian that are thought necessary for stripe formation such as electron correlation effects, magnetism, longrange coulomb and phonon terms.
7,9,25-27 The stripe formation is built into the model in the lattice-gas terms of the Hamiltonian and their magnitude will depend on these other factors. However, our interest is, given a tendency to stripe formation, how does the resulting misfit strain effect stripe breakup and stripe microstructure formation. Beyond this can a variation in the stripe-induced misfit strain in different cuprate materials, due to their different structural compliances, explain the variety of observed phenomenologies.
Elastic compliance and interfacial strain between domains is known to produce fine microstructures in ferroelastic materials such as martensites 23, 28 that are closely related to the cuprates. 29, 30 Misfit strain is also known to produce a rich array of ground-state structures, [31] [32] [33] [34] for example, in relation to epitaxial growth on misfitting substrates. We have not, as yet, explored the phase diagram of this strained lattice gas model due to the computational intensity coming from the long-range strain terms, but we expect to find similar richness here. What is more important is the idea that the inevitable lattice strain that accompanies stripe formation has a tendency to break up stripes with a critical length-scale governed by J nn /k nn and the magnitude of the misfit strain [Eq. (1)].
Strain in the cuprates has an affect on the superconducting properties as indicated by studies of strained thin-films. [35] [36] [37] [38] This has also been beautifully demonstrated in bulk materials by an analysis of bond-lengths and T c versus doping in a series of cuprate materials with different "microstrains". 24 Here the authors show that, at constant doping, T c scales with the microstrain. In that work he microstrain,
and is considered to be the bond-length that an unstrained CuO 2 plane would like to assume. In the cuprates r Cu-O deviates from d 0 by different amounts depending on the system due to stress applied by the misfitting rock-salt intergrowth layers. The microstrain defined above is compressive in all the superconducting cuprates. A maximum in T c is observed to occur for a microstrain of ∼ 0.04 and doping level of x ∼ 0.15. The authors give an explanation for this behavior in terms of a quantum critical point. 24 However, we note that this microstrain is closely related to the structural compliance described here. In particular, a larger (compressive) microstrain implies greater structural compliance because it will result in larger amplitude octahedral tilts (and other misfit strain relaxing mechanisms such as oxygen ordering etc.). The observation of a strong T c dependence of microstrain can be, qualitatively, rather well explained in our picture. When microstrain is large, structural compliance is large, misfit strain can be relaxed and charge-stripes can become long and the dynamics slow; the sample becomes more polaronic. A small microstrain implies less structural compliance and therefore a larger stripe misfit strain. This results in shorter stripes, a finer scale stripe microstructure, more stripe topological defects and presumably faster charge dynamics which we presume to aid superconductivity. 
Observation of "tweed" microstructures
Fine-scale microstructures with the appearance of the textile tweed are widespread in ferroelastic materials such as martensitic alloys. This microstructure is made up of small criss-cross strained domains. 23 Similar microstructures have been seen in electron diffraction of Fe doped YBCO-123 compounds among others. 39, 30 To be seen in this way the domains must be static and they are attributed to local regions of chain ordering in the material. Here we point out that this tweed picture might be expected to arise from the kind of microstructure that is shown in Fig 4(c) that is made up of ferroelastically strained grains oriented at right angles. The chargestripe induced tweed microstructure will be fluctuating but may get pinned close to impurities, or indeed oxygen chain fragments in YBCO-123, for example. We would expect the fluctuations to be slowest, and any charge-stripe induced tweed structure to be most evident experimentally, close to a stripe ordering transition such as at 1/8 doping in La 2−x Ba x CuO 4 .
Softening of in-plane phonons on doping
The most dramatic effect of doping on the phonons of the HTS materials occurs to zone edge phonon modes at the (π, 0) point. These modes are Cu-O bond stretching modes. For example in YBa 2 Cu 3 O 6+x the zone edge mode frequency softens from 73 meV in the insulating x = 0.2 compound to 55 meV, a softening of 25%.
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Similar effects are seen in the La 2−x Sr x CuO 4 system. 41 It is precisely these modes that would be very sensitive to the formation of charge-stripes (along the bonds) strongly coupled to the lattice, as in our scenario. Another observation that has been taken as originating from strong electron-phonon coupling in these systems is the kink widely seen at around 75 meV below the Fermi surface in electronic dispersion curves from angle resolved photoemission measurements. 42 
Local structural evidence
The local structure of materials, as opposed to the average structure obtained crystallographically, can be measured using techniques such as extended X-ray fine structure (XAFS) 43 and the atomic pair distribution function (PDF) technique.
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The existence of misfit strain would be manifest in the local atomic structure by observation of the presence more than one Cu-O bond length. In fact, the difference in the bond-lengths between being on the stripe and off it is ≤ 0.025Å which is beyond the resolution of these techniques which is limited to around 0.1Å. Therefore the long and short bonds cannot be directly seen but could be inferred from an increase with doping of the width of the nearest neighbor in-plane Cu-O atomic pair probability distribution. This anomalous broadening has been seen in PDF measurements. 45 In the underdoped region the nearest neighbor Cu-O bond distribution increases in width with increasing doping consistent with the presence of strained stripes. The effects are less evident, but still apparent, in the temperature dependence of this Cu-O peak. 46 The temperature dependence of the peak width deviates from the expected Debye behavior with a flattening, or slight upturn, in width at low temperature suggesting that long and short bonds (and therefore stripes) are appearing below some threshold temperature. The same effects have been studied in a more extensive range of materials using XAFS with very similar results. 47 Features in structure sensitive techniques such as X-ray near-edge absorption spectroscopy (XANES) 48 and nuclear quadrupole resonance (NQR) 49 also show effects that can be attributed to the appearance of stripes below a threshold temperature in underdoped cuprate materials.
Another local structural consequence of the misfit strain is octahedral tilt amplitude disorder. As we have discussed the structural compliance shortens bond by removing a local tilts. Thus, we might expect that the charge-stripes are untilted whereas the intervening undoped regions are heavily tilted resulting in a distribution of tilt amplitudes. This picture is consistent with the local structure observed in PDF measurements. 50 A distribution of tilt angles has also been reported in NQR measurements of 214 materials.
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By considering the topology of the planes, it also becomes apparent 50 that charge stripes with no octahedral tilts that coexist with undoped regions that are heavily tilted naturally gives rise to [110] symmetry (so-called "LTT tilts), even though the structure has global LTO (low-temperature orthorhombic) symmetry.
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This is of particular importance because the charge stripes are known to favor the LTT symmetry tilts.
1 One reason is that the tilts runs along the copper-oxygen bonds; i.e., along the direction of the charge stripes. However, another reason is that the LTT symmetry tilts have twice the structural compliance of the LTO tilts.
17 Direct experimental support exists for the existence of tilt directional disorder in these materials. 45 Furthermore, this result may explain the perplexing result seen earlier that the local tilt direction does not change at the LTO-LTT phase transition in La 2−x Ba x CuO 4 despite the global symmetry (and average tilt direction) changing. 53, 54 This could be explained if the ground-state of the LTO phase in doped La 2−x Sr x CuO 4 was a linear superposition of two different LTT variants rotated 90
• with respect to each other present in equal amounts. 53 At the time there was no apparent physical explanation for such a result, but it is exactly what is predicted by the kind of stripe microstructure shown in Fig. 4(c) .
Sensitivity of T c on dopant ion size distribution and tilt angle
Attfield et al. 55 showed that superconducting T c depends not only on the dopant ion size itself, but also on the distribution of dopant ion sizes. Furthermore, they showed that the superconductivity is destroyed in a way that suggests that carriers are becoming increasingly pinned and removed from the superfluid with increasing dopant ion size distribution. We would argue that a misfitting ion, be it too small or too large, introduces structural compliance locally by distorting the rigid rotational modes of the lattice, allowing stripes to become pinned, and therefore insulating, locally. We also note the observation by Büchner et al. 56 that in the LTT phase of Nd co-doped La 2−x−y Nd y Sr x CuO 4 superconductivity is destroyed above a critical tilt angle. This was interpreted at the time by a magnetic mechanism, though it has a very natural explanation (indeed is predicted) by the joint notions of misfit strain and structural compliance.
Conclusions
We believe that many experimental observations in the cuprates can be understood by considering the role that misfit strain plays in breaking up charge stripes and forming electronic microstructures in the CuO 2 planes. The structural compliance, the ability of the structure to accommodate bond shortening without straining the Cu-O bonds, also plays an important role in determining the properties of the material and may explain the differing superconducting properties of different cuprate systems.
